In addition to viral proteins E1 and E2, bovine papillomavirus type 1 (BPV1) depends heavily on host replication machinery for genome duplication. It was previously shown that E1 binds to and recruits cellular replication proteins to the BPV1 origin of replication, including DNA polymerase ␣-primase, replication protein A (RPA), and more recently, human topoisomerase I (Topo I). Here, we show that Topo I specifically stimulates the origin binding of E1 severalfold but has no effect on nonorigin DNA binding. This is highly specific, as binding to nonorigin DNA is not stimulated, and other cellular proteins that bind E1, such as RPA and polymerase ␣-primase, show no such effect. The stimulation of E1's origin binding by Topo I is not synergistic with the stimulation by E2. Although the enhanced origin binding of E1 by Topo I requires ATP and Mg 2؉ for optimal efficiency, ATP hydrolysis is not required. Using an enzyme-linked immunosorbent assay, we showed that the interaction between E1 and Topo I is decreased in the presence of DNA. Our results suggest that Topo I participates in the initiation of papillomavirus DNA replication by enhancing E1 binding to the BPV1 origin.
Papillomaviruses (PV) are small, noneveloped DNA tumor viruses with double-stranded DNA (dsDNA) genomes. In vivo, PV DNA replication requires two virally encoded proteins, E1 and E2 (44) . E1 is the central replication factor and works as the initiator protein in PV DNA replication (45, 47) . E2 plays a critical role in PV origin recognition (22, 25, 28, 29, 31, 49) . In addition to E1 and E2, PV DNA replication is carried out using host cellular replication machinery (5, 19, 38) .
The bovine papillomavirus type 1 (BPV1) minimal origin of replication consists of three elements, an A/T-rich sequence, an 18-bp palindromic sequence that serves as the E1 binding site, and a 12-bp sequence that serves as the E2 binding site (15-17, 43, 45) . PV DNA replication is initiated when the origin binding protein, E1, recognizes and binds to the origin DNA. Early in the PV life cycle, host DNA is present in vast excess of PV DNA. Although one might predict otherwise, it has been shown that E1 has fairly low sequence-specific DNA binding (16, 29, 40, 45, 47, 52) . In the presence of the second viral protein, E2, E1 and E2 bind cooperatively to adjacent binding sites in the origin through multiple protein-protein interactions, greatly increasing the sequence specificity of E1 for the origin (1, 4, 11, 22, 25, 28, 29, 31, 37, 49) . After coordinated binding of E1 and E2 to the origin, E2 is displaced in an ATP-dependent manner and E1 forms a double-hexamer complex, which has helicase activity (21, 27, 30, 52) . This complex initiates PV DNA replication by unwinding doublestranded DNA bidirectionally from the origin (30) .
Human Topo I acts as a DNA swivel and is critical for many cellular processes, such as DNA replication and transcription (3) . Topo I is important for both simian virus 40 (SV40) and PV DNA replication (42, 50, 51) . The structural and functional homologue of PV E1, SV40 T antigen, has been shown to bind to Topo I (26, 35) . It was previously demonstrated that T antigen recruits Topo I to the SV40 origin, and they function together to initiate SV40 DNA replication (10, 34, 36, 41) . Topo I has also been shown to bind to PV E1. The E1-Topo I interaction was mapped to two regions within E1, one encompassing the dsDNA binding domain (DBD) (binding site A) and the other at the C terminus (amino acids [aa] 589 to 649; binding site B) (6) . The C-terminal binding site also contains part of the core helicase domain (48) . It has been shown that E1 stimulates the enzymatic activity of Topo I (6) . In this study, we analyzed the DNA binding properties of the BPV1 E1 protein in the presence and absence of the cellular protein factor Topo I. We show that Topo I specifically stimulates the origin binding of E1. The interaction between Topo I and E1 is important for this stimulation. We also investigated the relative roles of Topo I and E2 in the stimulation of origin binding by E1. These results suggest that Topo I plays a role in the initiation of BPV1 DNA replication by increasing origin recognition by E1.
MATERIALS AND METHODS

Materials. [␥-
32 P]ATP was obtained from Amersham Pharmacia. Calf intestinal alkaline phosphatase was obtained from Invitrogen. T4 polynucleotide kinase was obtained from GE Healthcare. Mouse anti-Topo I monoclonal antibody was obtained from Sigma.
Probes and nonspecific competitor DNA. The BPV1 minimal origin (BPV1 coordinates 7914 to 7927) in pUC19 (29) was digested with XbaI and HindIII (58 bp). The digested products were separated using 2% agarose gel electrophoresis. The origin-containing band was excised and gel purified. The origin fragment was dephosphorylated using calf intestinal alkaline phosphatase and labeled using T4 polynucleotide kinase and [␥-
32 P]ATP. The radiolabeled origin fragment was further purified using Sephadex G-50 (Amersham Pharmacia). A nonorigin fragment (60 bp) was purified from pBSII-SK(Ϫ) in a similar manner, using EcoRI and SacI. Nonspecific competitor DNA was obtained by digesting pUC19 with DdeI. Protein expression and purification. BPV1 glutathione S-transferase (GST)-E1, BPV1 GST-E1 DBD, BPV1 E2, and the human papillomavirus type 11 (HPV11) GST-E1 truncation mutant (aa 589 to 649) were expressed in Escherichia coli BL21(DE3) and purified as described previously (4, 31) . Briefly, liquid cultures were induced overnight with IPTG (isopropyl-␤-D-thiogalactopyranoside) (0.3 mM) at an optical density at 600 nm of 0.6 at 20°C. The cells were harvested and lysed, and the lysate was clarified by centrifugation. The lysate containing GST-E1 was incubated with glutathione-Sepharose beads for 3 h at 4°C while rotating in buffer containing (50 mM Tris-HCl [pH 7.5], 100 mM NaCl, 1 mM EDTA, 2 mM dithiothreitol, and 20% sucrose). The beads were washed, and the protein was eluted with 10 mM glutathione. When indicated, the GST moiety was removed using thrombin (5 U/mg protein for 12 h on ice). The E1 protein was further purified by SP-Sepharose and Q-Sepharose ion-exchange chromatography. The GST-E1 DBD and the GST-E1 truncation mutant (aa 589 to 649) were purified in a similar manner. BPV1 E2 was purified through SP-Sepharose and Q-Sepharose ion-exchange chromatography. Human Topo I was purified from extracts of baculovirus-infected Sf9 or Hi-5 cells (39) . Fulllength human replication protein A (RPA) was expressed in Escherichia coli and purified as described previously (14) . All proteins were purified to near homogeneity. Full-length E1 and E2 were tested using in vitro PV DNA replication assays and determined to be fully functional (24) .
EMSAs. Electrophoretic mobility shift assays (EMSAs) were performed by incubating radiolabeled BPV1 origin DNA (approximately 2 fmol DNA) with proteins at the indicated concentrations in buffer containing 20 mM HEPES-K ϩ [pH 7.5], 100 mM NaCl, 10% glycerol, 4 mM ATP, 7 mM MgCl 2 , 0.1 mg/ml bovine serum albumin, 1 mM dithiothreitol, 1 mM EDTA in the presence of 20 ng of nonspecific competitor DNA for 30 min at 37°C. Glutaraldehyde was added to a final concentration of 0.02% (vol/vol) and incubated for an additional 20 min at 25°C. Without cross-linking, E1 bound to DNA and resulted in a smeared band. Products were resolved by electrophoresis on a 5% native polyacrylamide gel (79:1 acrylamide/bis-acrylamide) or a 1% agarose gel in 0.5ϫ Tris-borate-EDTA buffer (45 mM Tris-borate, 1 mM EDTA) at 4°C. The gels were dried, and the products were analyzed using a Bio-Rad FX Molecular Imager system with Quantity One software. For antibody supershift assays, polyclonal E1 antibody (1:20) and monoclonal Topo I antibody (1:20) were added to the reaction mixture before glutaraldehyde for an additional 10 min at 25°C. EMSAs using nonorigin fragments were performed in a manner similar to that for origin DNA, except the nonspecific competitor DNA was decreased to 0.4 ng in some reactions (see the figure legends).
Protein-protein ELISAs in the presence and absence of DNA. Enzyme-linked immunosorbent assays (ELISAs) were performed in 96-well polyvinyl plates as described previously, with modifications (6, 20) . Briefly, the wells were coated for 60 min at 25°C with purified Topo I (2.0 or 2.5 pmol) in 50 l of Tris-buffered saline (TBS) (20 mM Tris-HCl [pH 7.4], 150 mM NaCl) as the immobilized protein. The wells were washed (five times) with TBS-T (TBS with 0.1% NP-40 [vol/vol]), blocked using 1% dry milk (wt/vol) and 5% calf serum (vol/vol) in TBS for 60 min at 25°C, and washed again. Increasing concentrations of the second protein were added to the wells and incubated for 60 min at 25°C in TBS-T with 20 U/ml of micrococcal nuclease, 1 mM MgCl 2 , and 1 mM CaCl 2 . The wells were washed, a polyclonal anti-GST antibody (1:5,000 in TBS-T with 0.5% dry milk [wt/vol] and 2% calf serum [vol/vol]) was added for 60 min at 25°C, and the wells were washed again. An anti-goat horseradish peroxidase antibody (1:5,000 in TBS-T with 0.5% dry milk [wt/vol] and 2% calf serum [vol/vol] ) was applied to the wells for 45 min at 25°C. The wells were washed and incubated with 50 l of visualization solution (110 mM sodium acetate [pH 5.5]) containing the chromogenic substrate 3,3Ј,5,5Ј-tetramethylbenzidine (0.02 mg/ml) and hydrogen peroxide (0.0075% [vol/vol] ). After 5 min, the reaction was stopped with the addition of 50 l of 2 M sulfuric acid. The assays were quantified spectrophotometrically by absorbance at 450 nm. Each assay was performed at least three times. All incubations were performed with rocking at 25°C.
For ELISAs performed in the presence of oligonucleotides, the above procedures were modified to include an additional step. The second proteins were preincubated at 25°C for 15 min (with increasing concentrations of a 60-bp double-stranded DNA oligonucleotide) before being added to the blocked wells (see figure legends) . Both origin and nonorigin fragments were used as described previously (see below for details). For these assays, micrococcal nuclease was not added.
RESULTS
Topo I specifically stimulates origin binding by E1. We previously reported that papillomavirus E1 protein interacts with the cellular protein Topo I (6). The E1-Topo I interaction was mapped to two regions within E1, one containing the dsDNA binding domain and the other at the C terminus (aa 589 to 649). To further investigate the E1-Topo I interaction, we evaluated whether Topo I could modulate the origin binding activity of E1. A DNA fragment containing the PV minimal origin of replication was 32 P end labeled and incubated with purified E1 in the presence and absence of Topo I. The protein-DNA complexes were cross-linked with glutaraldehyde and subjected to gel electrophoresis. The binding of E1 to origin DNA resulted in an E1-DNA complex (Fig. 1A, lane 8) . The addition of increasing amounts of Topo I to this complex resulted in increased binding of E1 to origin DNA. At higher levels of Topo I, a Topo I-DNA complex that migrated slightly faster than the E1-DNA complex was seen ( that Topo I stimulation of E1 DNA binding activity is origin specific, we performed EMSAs using a nonorigin DNA fragment. The ability of E1 to bind to nonorigin DNA is relative weak compared to its binding to origin DNA (data not shown); therefore, nonspecific competitor DNA was decreased from 20 ng to 0.4 ng in these reactions so that an E1 complex could be detected. E1 bound to the nonorigin DNA probe and resulted in an E1-DNA complex ( Fig. 2A, lane 7) . With the addition of increasing amounts of Topo I, there was no change in the nonspecific DNA binding activity of E1 ( Fig. 2A) . These results suggest that Topo I specifically stimulates the origin binding activity of E1.
We also evaluated the ability of E1 to modulate the DNA binding activity of Topo I. Topo I binds DNA with a low degree of specificity (3). The abilities of Topo I to bind to origin and nonorigin DNAs were similar (data not shown). Topo I was incubated with radiolabeled nonorigin DNA in the presence and absence of E1. The results demonstrated that E1 does not affect the DNA binding activity of Topo I (Fig. 2B) .
PV E1 was shown to interact with several cellular DNA replication proteins, specifically, DNA polymerase ␣-primase (2, 7); the major human single-stranded DNA binding protein, RPA (13) ; and Topo I (6). To determine whether the stimulation of E1 origin binding is specific to Topo I, RPA was also tested for its ability to stimulate the origin binding activity of E1. E1 was incubated with radiolabeled origin DNA in the presence and absence of RPA. The binding of E1 to origin DNA resulted in an E1-DNA complex, and the addition of RPA to the assay did not influence the origin binding activity of E1 (Fig. 2C) . As previously reported, RPA also binds to DNA, resulting in a faster-migrating RPA-DNA complex (RPA1) and a slower RPA-DNA complex (RPA2) (20) . DNA polymerase ␣-primase was also tested, and no stimulation of E1 binding was observed (data not shown). These results further demonstrate the specificity of the Topo I stimulation of E1 binding, as other cellular proteins that bind to E1 do not stimulate origin recognition.
Role of ATP in Topo I stimulation of origin recognition. It was previously reported that ATP and Mg 2ϩ affect the origin binding activity of E1, specifically, that it is involved in the second part of origin recognition, E1 assembly into a higherorder complex (27, 32) . To address this, we first characterized the effects of ATP/Mg 2ϩ and temperature on the origin binding activity of E1. Increasing amounts of E1 were incubated with radiolabeled PV origin DNA at 37°C or 25°C in the presence or absence of ATP/Mg 2ϩ . In these experiments, it could be seen that the binding of E1 to origin DNA resulted in a doublet (Fig. 3A) , which has been shown to correspond to hexamers and double hexamers (9, 18) . At 37°C, E1 double hexamers were preferentially formed ( Fig. 3A and D) , similar to what has been reported for SV40 large T antigen (10, 23) . The appearance of the E1-DNA complex was dependent upon the E1 concentration. The addition of ATP/Mg 2ϩ stimulated the binding activity of E1 at 37°C, but not at 25°C (Fig. 3A) . Quantification of the E1-DNA complex under all conditions showed optimal E1 binding to the origin to be at 37°C in the presence of ATP/Mg 2ϩ (Fig. 3B) . We then evaluated whether ATP/Mg 2ϩ and temperature affected the stimulation of E1 origin binding by Topo I. Parallel reactions using a fixed amount of E1 and increasing amounts of Topo I were performed at 37°C or 25°C in the presence or absence of ATP/Mg 2ϩ . Under all conditions tested, the addition of Topo I stimulated the origin binding activity of E1. Optimal stimulation of binding of E1 by Topo I to origin DNA occurred at 37°C in the presence of ATP/Mg 2ϩ . In contrast, the degrees of stimulation were similar at 25°C in the presence and absence of ATP/Mg 2ϩ and at 37°C in the absence of ATP/Mg 2ϩ (Fig. 3C) . UTP/Mg 2ϩ was similarly able to support E1 origin binding and optimal Topo I stimulation (data not shown), and based on published E1 origin binding studies (32), we anticipate that the other nucleoside triphosphates will likewise support E1 origin binding and Topo I stimulation. Mg 2ϩ alone did not stimulate E1 origin binding (data not shown).
Since the PV E1 protein is an ATPase (52), we addressed whether ATP hydrolysis is required for the stimulation of E1 by Topo I. ATP or a nonhydrolyzable ATP analogue, ATP-␥-S, was tested in the reactions. The level of stimulation in the . Reaction products were cross-linked and applied to polyacrylamide gels as described in the legend to Fig. 1A . In all cases, the radioactivity of the E1-DNA complex from each lane was quantified and compared to the radioactivity of the E1-DNA complex in the absence of Topo I, which was assigned a value of 1. The results represent three separate experiments; the range is depicted by error bars. (D) ATP hydrolysis is not required for stimulation of E1 by Topo I. Parallel reactions using a fixed amount of E1 (0.5 pmol) and increasing amounts of Topo I (0, 1, 5, and 20 fmol) were performed in the presence of ATP (lanes 5 to 8) or a nonhydrolyzable ATP analogue, ATP-␥-S (lanes 9 to 12). Reaction products were cross-linked and applied to polyacrylamide gels as described in the legend to Fig. 1A. presence of ATP-␥-S was similar to that observed with ATP (Fig. 3D ). Other nucleotides (AMP-PNP and ADP) were also tested, and similar degrees of stimulation were observed (data not shown). These results indicate that optimal stimulation of E1 origin binding by Topo I occurs at 37°C in the presence of ATP/Mg 2ϩ but that ATP hydrolysis is not required for the stimulation.
Role of Topo I in the stimulation of origin binding by E1. We also examined whether the Topo I-dependent stimulation of origin binding by E1 is affected by the sequence in which these two proteins are added to the assay. When Topo I and E1 were mixed together and simultaneously added to the reaction, full Topo I-dependent stimulation of E1 origin binding was observed (Fig. 4, set 2) . In contrast, when either Topo I or E1 was preincubated with DNA for 30 min before the addition of the second protein for 3 min, there was no appreciable Topo I stimulation of E1 origin binding (Fig. 4, sets 3 and 4) . These results suggest that it is the interaction between E1 and Topo I that is important for the stimulation of E1 binding to the PV origin.
Topo I stimulated E1 to bind origin DNA, and the complex migrated at the same position as the E1-DNA complex, suggesting that Topo I may not be present in the complex (Fig.  1A) . The composition of the protein-DNA complex stimulated by the addition of Topo I was examined by the addition of antibodies against E1 or Topo I. The addition of polyclonal anti-E1 antibody (␣E1) further retarded the mobility of the E1-DNA complex (Fig. 5, lane 5) but did not have any observable effect on the mobility of the Topo I-DNA complex (Fig. 5,  lane 8) . Conversely, the addition of monoclonal anti-Topo I antibody further retarded the mobility of the Topo I-DNA complex (Fig. 5, lane 9 ) but did not have any observable effect on the mobility of the E1-DNA complex (Fig. 5, lane 6) . As previously determined, Topo I stimulated the binding of E1 to origin DNA (Fig. 5, lanes 10 to 12) . The addition of the anti-E1 antibody further retarded the mobility of this complex (Fig. 5,  lane 13) to the same position as the ␣E1-E1-DNA complex (Fig. 5, lane 5) . In contrast, the addition of the anti-Topo I antibody did not have any observable effect on the mobility of this stimulated complex. Consistent with this conclusion, immunoblotting of the complex also showed no detectable Topo I (data not shown). This suggests that Topo I is not present in the E1-DNA complex. It also implies that once E1 binds to DNA, Topo I no longer interacts with E1.
DNA modulates the interaction between E1 and Topo I. To further ascertain whether DNA affects the interaction between E1 and Topo I, ELISA-based protein interaction assays were performed in the presence of increasing amounts of DNA. Topo I was immobilized in ELISA plate wells, and after the plates were blocked, GST-E1 was preincubated with DNA for 15 min at 25°C and applied to the wells. Both origin and nonorigin DNA fragments were tested in the assay. In each case, the results demonstrated a decrease in binding between E1 and Topo I (Fig. 6A and B and data not shown) .
To determine which Topo I-interacting domain within E1 is modulated by DNA, GST-E1 truncation mutants were expressed in E. coli, purified, and tested for Topo I binding using ELISAs. The GST-E1 DBD, one of two binding sites within E1 that bind Topo I (6), demonstrated decreased interaction with Topo I in the presence of DNA (Fig. 6C and D) . Conversely, the GST-E1 truncation mutant, aa 589 to 649, the second domain that also interacts with Topo I, showed no appreciable decrease in binding to Topo I in the presence of DNA (200 fmol up to 350 fmol) (Fig. 6E and F) .
Topo I and E2 stimulate the origin binding of E1 independently. Numerous laboratories have shown that PV E2 stimu- , and 50 fmol) was then added and incubated for an additional 3 min. Reaction products were cross-linked and applied to polyacrylamide gels as described in Fig. 1A . In each set, the radioactivity of the E1-DNA complex was quantified and compared to the radioactivity of the E1-DNA complex in the absence of Topo I, which was assigned a value of 1. All results represent three separate experiments; the range is depicted by error bars.
FIG. 5.
Topo I is not present in the E1-DNA complex. The stimulation of E1 origin binding by Topo I was analyzed following addition of anti-E1 (␣E1) and anti-Topo I (␣T) antibodies. Lane 1, free probe; lanes 2 and 3, antibodies added to free probe; lanes 4 to 6, antibodies added to the incubation of E1 (1 pmol) with origin DNA; lanes 7 to 9, antibodies added to the incubation of Topo I (0.5 pmol) with origin DNA; lanes 10 to 14, antibodies added to the incubation of Topo I (50 fmol), E1 (0.5 pmol), and origin DNA. Reaction products were crosslinked, applied to agarose gels, and analyzed using autoradiography. Note that smaller plus signs were used to indicate that less protein was used for formation of the stimulated complex. were added to the wells. Binding was detected using a polyclonal ␣-GST antibody, followed by a secondary horseradish peroxidase antibody. After being developed, the absorbance was measured at 450 nm. The results are representative of three separate experiments; the range is demonstrated by error bars. (B) ELISAs were performed as described for panel A, except that the 60-bp oligonucleotide was added at increasing concentrations. The ordinate represents the percentage of GST-E1 bound to Topo I (where 100% is the amount of GST-E1 bound to Topo I in the absence of DNA), and the abscissa represents increasing molar concentrations of a 60-bp dsDNA fragment. All results represent three separate experiments; the range is depicted by error bars. (C) DNA decreases the interaction between the E1 DBD and Topo I. ELISAs were performed using immobilized Topo I. Second proteins: GST-E1, GST-E1 prebound to 200 fmol DNA (60 bp), GST-E1 DBD, and GST-E1 DBD prebound to 200 fmol DNA (60 bp). All results represent three separate experiments; the range is depicted by error bars. (D) ELISAs were performed as described for panel C, except that the 60-bp oligonucleotide was added at increasing concentrations. The ordinate represents the percentage of GST-E1 DBD bound to Topo I (where 100% is the amount of GST-E1 DBD bound to Topo I in the absence of DNA), and the abscissa represents increasing molar concentrations of a 60-bp dsDNA fragment. All results represent three separate experiments; the range is depicted by error bars. (E) DNA does not affect the 4368 HU ET AL. J. VIROL.
lates E1 binding to origin DNA through a coordinated mechanism (21, 25, 28, 29, 31, 32, 37, 49) . Here, we show that Topo I stimulates the origin binding activity of E1 in the absence of E2. To investigate how the stimulation effects of E2 and Topo I on E1 are interrelated, we used fixed amounts of E1 and Topo I and added increasing amounts of E2 to an EMSA. As shown previously, the binding of E1 to origin DNA resulted in the E1-DNA complex (Fig. 7A, lane 2) . The addition of E2 resulted in the formation of a faster-migrating E1-E2-DNA complex (Fig. 7A, lanes 3 to 5) (21, 27, 29) . Topo I stimulated the binding of E1 to origin DNA, as shown earlier (Fig. 7A , compare the E1-DNA complex in lane 6 with lane 7). In the presence of Topo I, E2 also stimulated the binding of E1 and formed the E1-E2-DNA complex (Fig. 7A, lanes 8 to 10) . Interestingly, the quantity of E1-E2-DNA complex was slightly decreased in the presence of Topo I (Fig. 7A and B) , possibly resulting from a competition between Topo I and E2 for the fixed amount of E1 in the reaction mixture. The reverse experiment with fixed amounts of E1 and E2 and increasing amounts of Topo I produced results consistent with these results (data not shown). These studies appear to indicate that Topo I and E2 stimulate the binding of E1 to origin DNA independently.
DISCUSSION
In this study, we demonstrated that human Topo I specifically stimulates the origin binding activity of PV E1, apparently through a protein-protein interaction. It is still unclear how the interaction between E1 and Topo I stimulates the origin binding activity of E1. We foresee two possibilities. Topo I could bind the PV origin and load E1 through a direct interaction. Conversely, Topo I could interact with E1 prior to DNA binding, evoking a conformational change within E1 and rendering it more efficient for PV origin binding. Topo I is a nonspecific DNA binding protein, and the abilities of Topo I to bind to origin and nonorigin DNAs are similar. It has been demonstrated that Topo I does not stimulate the binding of E1 to nonorigin DNA, so we suspect that the stimulation of E1 origin binding by Topo I may be not caused by direct Topo I loading. Also, we know that when Topo I and E1 were mixed together and simultaneously added to DNA, Topo I stimulation of E1 origin binding was observed, whereas when E1 or Topo I was preincubated alone with DNA before the addition of the other, there was no Topo I stimulation. This suggests that the latter mechanism is more likely-that the interaction between E1 and Topo I imposes a conformational change on E1 that allows E1 to more readily bind to the origin.
It is well established that PV E2 stimulates the binding of E1 to the origin through a coordinate mechanism and forms an E1-E2-DNA complex (21, (27) (28) (29) 49) . Here, we show that Topo I stimulates the origin binding of E1 and forms an E1-DNA complex. Despite the use of glutaraldehyde, no E1-Topo I-DNA complex was ever observed. Using EMSAs with both E2 and Topo I, we also demonstrated that PV E2 and human Topo I independently stimulate the origin binding activity of E1. This suggests that Topo I and E2 may work through difinteraction between the E1 C terminus (HPV11 GST-E1 aa 589 to 649; binding Site B [BSB]) and Topo I. ELISAs were performed using immobilized Topo I. Second proteins: GST-E1, GST-E1 prebound to DNA (60 bp), GST-E1 binding site B (aa 589 to 649), and GST-E1 binding site B prebound to DNA (60 bp). BPV1 GST-E1 and HPV11 GST-E1 both bind to Topo I (6), and both demonstrated decreased binding to Topo I in the presence of DNA (panel A and data not shown). All results represent three separate experiments; the range is depicted by error bars. (F) ELISAs were performed as described for panel E, except that the 60-bp oligonucleotide was added at increasing concentrations. The ordinate represents the percentage of GST-E1 BSB bound to Topo I (where 100% is the amount of GST-E1 BSB bound to Topo I in the absence of DNA), and the abscissa represents increasing molar concentrations of a 60-bp dsDNA fragment. All results represent three separate experiments; the range is depicted by error bars. In the future, we will determine the E1 interaction domains within Topo I that bind to E1. This will assist us in determining the precise mechanism by which Topo I stimulates E1 origin recognition. As E2 and Topo I stimulate E1 binding to the origin independently, they appear to be providing alternate or parallel pathways for origin recognition. It is unclear why parallel pathways might exist for stimulating origin recognition by E1. Origin recognition by PV E1 is essential for viral DNA replication, and papillomaviruses have evolved effective mechanisms to allow a protein with low sequence-specific recognition ability, E1, to bind to a specific site on the viral genome. Origin recognition is particularly challenging during early stages of infection in vivo, when the level of E1 is low and the cellular DNA is in vast excess over PV DNA. It has been demonstrated that PV E2 plays a major role in enhancing origin recognition by E1. However, E2 is also present at very low levels during the early stages of infection. In the absence of sufficient levels of E2, having a parallel pathway to stimulate E1 binding dependent on cellular proteins, which are present at higher levels, may provide another means for stimulation of origin binding by E1. Our in vitro experiments demonstrate that Topo I, but not other E1-interacting cellular proteins, specifically stimulates origin binding by E1. This suggests that in vivo, Topo I may provide such an alternate pathway to assist in origin recognition by E1 when E2 levels are low.
Another possibility for why parallel pathways exist to stimulate origin recognition by E1 is that this process is so important that redundant pathways may be evolutionarily favored. Different PVs may have evolved different pathways for stimulation of E1 origin recognition. For example, for some PVs, E2 can stimulate E1 binding through two different mechanisms, while the two mechanisms do not appear to come into play for other PVs (8, 37) . It has also been shown that the requirement for E2 in PV DNA replication varies for different PVs. In the most extreme case, HPV1A does not require E2 at all for HPV1A DNA replication (12) . In such an instance, the role of Topo I may be much more critical, since E2 does not play a stimulatory role. Hence, the role of Topo I in PV origin recognition may vary from PV to PV. Much work remains to address these questions.
It was previously proposed that E1 recruits Topo I to the PV replication fork through the interaction between the E1 C terminus and Topo I (6). Based on these results, we propose the following model for the role of Topo I in PV DNA replication (Fig. 8) . During the initial steps of PV DNA replication, E2 and Topo I can independently stimulate origin binding by E1. E2 binds cooperatively with E1 to the origin, resulting in the initial formation of an E1-E2-DNA complex. During subsequent steps, more E1 molecules are recruited to the origin of replication through protein-protein and protein-DNA interactions in an ATP-dependent fashion to form a double hexamer (9, 18) . Concurrently, E2 is displaced from the origin. Our results suggest that there is an alternative pathway, whereby through the interaction with cellular Topo I, E1 takes on a conformation that favors specific binding to origin DNA. Concomitant with the initial E1 binding to origin DNA, Topo I is released. Topo I stimulation of E1 binding appears to bypass the intermediate complex formed by E1-E2 and takes E1 directly to double-hexamer formation. Upon origin firing, the E1 hexamers act as the replicative helicase (30, 33, 52) , and through the interaction between the E1 C terminus and Topo I, E1 recruits Topo I to replication forks. E1 strongly stimulates Topo I's relaxation activity (6) . This stimulation is likely important during the elongation stages of PV DNA replication. Together, these results suggest that PV E1 helicase and human Topo I work in concert during multiple phases of PV DNA replication.
Our results suggest that the interaction between E1 and Topo I modulates E1's ability to bind origin DNA. There are several known cases of cellular chaperone proteins assisting in viral origin recognition by viral recognition proteins. In bacteriophage P1, the E. coli chaperones DnaK and DnaJ facilitate origin-specific DNA binding by RepA and the initiation of DNA replication (46) . It has been suggested that interactions between the chaperones and RepA mediate a conformational change in RepA, rendering it more active for origin DNA binding. In human PVs, the human chaperone proteins Hsp70 and Hsp40 independently and additively enhance origin binding by E1 (18) . Again, it has been proposed that the interaction between chaperones and E1 alters the conformation of E1 (18) . However, the results reported here are the only case we know of where a nonchaperone cellular protein stimulates origin recognition by a viral origin recognition protein. It will be interesting to see whether other viral recognition proteins are similarly stimulated by their interactions with cellular replication factors.
